Background. Mask ventilation and tracheal intubation are basic techniques for airway management and mutually inclusive rescue measures to restore ventilation. The aim of this study was to compare the effectiveness of mask ventilation between two commonly used techniques of two-handed mask ventilation in obese unconscious apnoeic adults. Methods. Eighty-one obese adults received mask ventilation after induction using C-E clamp and modified V-E clamp techniques in a randomized crossover manner. Mechanical ventilation was provided using a pressure-control mode, at a rate of 10 bpm, with an inspiratory-to-expiratory time ratio of 1:2 and a pre-set plateau airway pressure of 20 cm H 2 O. The primary outcome was expired tidal volume. Results. The BMI for the subjects was 37 (SD 4.9) kg m
anaesthesia and field resuscitation have been continuously improved, the Emergency Airway Algorithm focuses primarily on tracheal intubation rather than mask ventilation. 3 4 In practice, providing effective mask ventilation in a timely manner continues to be a great challenge. 5 Even though most clinicians understand that effective mask ventilation and tracheal intubation are mutually inclusive rescue methods, optimizing the skill of mask ventilation is largely under-appreciated. Clinicians often make great effort to intubate while unintentionally compromising ventilation and oxygenation. 6 Additionally, it is particularly challenging to intubate victims during field resuscitation, where intubation commonly takes place concurrently with continuous chest compressions. In fact, the failure rate of intubation during field resuscitation is 10-22%. 7 8 Thus, the importance of optimizing the skill of mask ventilation should be emphasized, because effective mask ventilation can indeed minimize or reverse hypoxia, particularly if timely successful intubation is impossible. The conventional teaching of mask ventilation uses onehanded mask (C-E) ventilation. If ineffective, then a two-handed technique is recommended, because two-handed approaches provide a better mask-to-face seal 9 10 and produce greater tidal volumes. 11 12 However, there are two commonly used techniques of two-handed mask ventilation, the C-E technique ( Fig. 1A ) and the V-E technique (Fig. 1B) . The C-E technique applies the mask by forming a 'C' shape with each thumb and index finger over each side of the mask while the third, fourth, and fifth fingers of both hands lift the mandible toward the mask in a threefingered 'E' shape. In contrast, the V-E technique uses the thumbs and the eminence of each hand placed over each side of the mask, while the second to fifth digits pull the jaw upward, again forming an 'E' shape. 13 These two techniques are the last rescue measures for impossible intubation before surgical intervention is used. It is unknown whether both techniques are attempted in practice, or if one is preferred over the other. Although one study has reported marginal superiority of the V-E technique over the C-E technique in novice care providers, the comparative efficacy of the two techniques has not been evaluated systemically. 10 Enabling clinicians to optimize their mask ventilation skills should improve the quality of ventilation and thus oxygenation, and may improve downstream outcomes.
The primary aim of this study was to determine and compare the efficiency of mask ventilation in obese adult subjects by using either the C-E technique or the modified V-E technique. , were recruited from the main operating rooms of Vanderbilt University Medical Center. The exclusion criteria included the following: (i) untreated ischaemic heart disease; (ii) acute and chronic respiratory disorders, including chronic obstructive pulmonary disease and asthma; (iii) ASA physical status classification !IV; (iv) emergency surgery; (v) induction requiring rapid sequence for intubation; (vi) pregnant women; and (vii) patients requiring an awake intubation. 
Methods

Editor's key points
• In a randomized crossover design, the efficacy of manual mask ventilation was compared between two methods of mask ventilation using both hands ('C-E' and 'V-E' techniques), in obese patients.
• Compared with the C-E technique, the V-E technique was associated with a lower failure rate and greater tidal volume.
• In obese patients, mask ventilation using the V-E technique is preferred.
Study procedure
The operators performing mask ventilation were familiar with bag-valve mask ventilation, including certified registered nurse anaesthetist (CRNA) students, anaesthesia resident physicians, and CRNAs. All the operators were not part of the study team. The operators were provided with brief instructions before to induction to demonstrate the two techniques, with a photograph for each, as shown in Fig. 1A and B.
After providing informed consent, the subjects received premedication in the usual manner. Subjects were placed on the operating room table in the supine position with the head in the neutral position on a pillow and elevated $10 cm. Standard monitors for general anaesthesia were applied, including ECG, blood pressure measurement, pulse oximetry, and capnography. Preoxygenation via medium-size plastic mask (Cardinal Health, Dublin, OH, USA) was carried out with a flow rate of 10 litre min À1 of 100% O 2 until the expired O 2 concentration reached !80%. The mask was connected to the breathing circuit (Cardinal Health) and used for preoxygenation and for mask ventilation for both mask ventilation techniques. An i.v. bolus injection of fentanyl (50-150 mg) was given before induction. Induction of anaesthesia was achieved by an i.v. bolus injection of propofol (1-2 mg kg À1 ). Thereafter, based on the clinical assessment of the care team, an appropriate level of sedation was maintained with additional i.v. propofol. When apnoea was observed, the subjects were ventilated with one of the two mask techniques in a randomized crossover manner. Ventilation began either with the C-E technique followed by the V-E technique (Group A) or with the reverse sequence, that is, V-E technique followed by C-E technique (Group B), as shown in Fig. 2 . After induction, ventilation was obtained with the ventilator set to pressure-control mode at a rate of 10 bpm, inspiratory-to-expiratory time ratio (I:E) of 1:2, peak inspiratory pressure (PIP) of 20 cm H 2 O, and no PEEP. Subjects started with one technique (Step 1) and crossed over to the other technique (Step 2), as shown in Fig. 2 . The subjects in Group A were first ventilated with the C-E technique. If the subjects were adequately ventilated, as defined by perceivable chest movement and carbon dioxide measured during exhalation in at least one of the first three consecutive breaths, ventilation was continued until completion of 10 breaths, for 1 min (Step 1). Subjects were then ventilated with the V-E technique (Step 2). In Step 1, if ventilation failed with the C-E technique for all of the first three consecutive breaths, the subject was crossed over to the V-E technique (Step 2). If ventilation failed again with all of the first three consecutive breaths after crossover with the V-E technique, the study was terminated. Once Step 2 was completed, routine care was applied, including oral or nasal airway placement or placement of a laryngeal mask airway. If tracheal intubation was planned, a paralytic agent, either rocuronium or succinylcholine, was given, and the subject was intubated. Subjects in Group B followed the same protocol as that in Group A, except that the sequence of applying the two mask ventilation techniques was reversed, as shown in Fig. 2 . Inserting oral airway
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The algorithm of the study procedure. The numbers listed on the chart represent the number of breaths. At each Step, 10 breaths were targeted. NO, ventilation was not effective as assessed clinically; YES, ventilation was effective as assessed clinically.
All ventilatory settings and measured parameters displayed on the operating room ventilator (Datex Ohmeda AS/5, Helsinki, Finland), including expired tidal volume (VTe), flow waveforms, end-tidal carbon dioxide partial pressure, exhaled carbon dioxide waveforms, and vital signs displayed on the monitor were preserved electronically. The target number for ventilation was 10 breaths for both C-E and V-E techniques. Only the last five breaths (only three breaths for failed ventilation) were used for final analysis to calculate the VTe and PIP. The mean of five breaths (three breaths if mask ventilation failed) was used as a single data point. Attempted mask ventilation was considered a failure if VTe anatomic dead space (in millilitres), which was calculated by predicted lean body weight (in kilograms) multiplied by 2.2 as described previously. 14 
Biostatistical analysis
The primary outcome was VTe, and secondary outcomes included VTe/actual weight, VTe/predicted body weight (PBW), and PIP. Student's paired t-test and McNemar's test were used to compare quantitative and categorical outcomes, respectively, with respect to mask ventilation technique. A sample size of 85 was determined to be sufficient to detect a 100 ml mean difference in VTe with 80% power, assuming an SD of 325 ml and a 5% type I error rate. The independent sample t-test and v 2 test were used to compare baseline subject characteristics across the randomization groups A (C-E then V-E) and B (V-E then C-E). Data were analysed using Statistical Package for the Social Sciences (SPSS) 20.0 (IBM) (Armonk, NY, United States). Unless otherwise noted, data are presented as the mean (SD) or frequency (%). Statistical significance was defined as a two-sided P-value <0.05.
Results
A total of 103 subjects were enrolled. Twenty-two of them were excluded. The detailed information concerning exclusion is provided in Fig. 3 . A total of 81 subjects underwent final analysis, and their characteristics are listed in Table 1 . One subject in Group B had desaturation briefly during the C-E technique, with the lowest reading of pulse oximetry (Sp O2 ) of 89%. For this subject, the study was terminated and an oral airway inserted. The Sp O2 value of this subject quickly reverted to >95%. All other subjects sustained Sp O2 values >95% throughout the entire study period. There was no other adverse event observed in either group. There were no significant differences in haemodynamic parameters between the two groups during the study period.
A total of 63 operators provided mask ventilation for one to four subjects for a total of 81 instances of mask ventilation. The characteristics of the operators are listed in Table 1 . There were no significant differences in the level of operator experience between the two groups. All 81 subjects achieved target peak 103 subjects signed consents were excluded 2 for BMI≤30 kg m −2 1 for inability to achieve target airway pressure secondary to significant mask leak In Group A, 40 subjects started in Step 1 with the C-E technique, and 20 of them (50%) failed mask ventilation. All failed attempts at mask ventilation with the C-E technique were successfully rescued with the V-E technique in Step 2. In Group B, all 41 subjects starting with the V-E technique were effectively ventilated in Step 1, and 16 of these failed with the C-E technique in Step 2. Thirty-six of the 81 subjects (44.4%) failed mask ventilation with the C-E technique, and none failed with the V-E technique (P<0.001). All who failed mask ventilation with the C-E technique were ventilated effectively with V-E technique regardless of sequence.
For the 81 subjects, the VTe was 371 (SD 345) ml for the C-E technique and 720 (244) ml for the V-E technique (P<0.001), as shown in Table 2 and Fig. 4 , regardless of mask ventilation failure. Among subjects for whom the C-E technique was successful (n¼45), the mean VTe obtained using the C-E technique [633 (242) ml] was significantly smaller than that obtained with V-E technique [755 (245) ml; P<0.001; Fig. 4 ].
Discussion
The major findings from this study are as follows: (ii) using the two-handed mask ventilation method, the modified V-E technique was associated with a greater effectiveness of mask ventilation than the C-E technique, and all the subjects were effectively ventilated with the modified V-E technique; (ii) among those subjects who were effectively ventilated with both techniques, the modified V-E technique produced larger tidal volume than the C-E technique; and (iii) all subjects who failed mask ventilation with the C-E technique were effectively ventilated with the V-E technique. Our results demonstrate substantial improvement of mask ventilation in obese adults with the modified V-E technique compared with the C-E technique.
There are three components of the conventional V-E technique: (i) neck extension; (ii) lower jaw advance; and (iii) applying four fingers behind the angle of the mandible. 13 Our modified V-E technique has an additional component: keeping the mouth open. We believe that the improvement in mask ventilation with the modified V-E technique is supported by several factors.
When an unconscious individual is in the supine position, the tongue falls posteriorly, as shown in a previous study, 15 and another study demonstrated that the velopharynx is the site causing upper airway obstruction. 16 Airway patency is improved with neck extension and lower jaw advancement. 17 18 Keeping the mouth open is a key component to produce effective mask ventilation. 19 Likewise, keeping the mouth open is also a key component for effective mouth-to-mouth breathing as demonstrated by Safar 20 nearly 60 yr ago. We did not compare the efficiency of mask ventilation using the conventional V-E technique that does not require mouth opening. However, during this study we observed that inability to keep the mouth open leads to difficult mask ventilation with the V-E technique. The improvement in airway patency with the V-E technique may be attributable to the lack of compression on submandibular tissue resulting from the placement of the operator's fingers away from the front of the neck compared with the direct compression caused by the placement of the operator's fingers on the front of the neck that occurs with the C-E technique. This is well illustrated by Online video clip 1. With the modified V-E technique, the positive pressure generated by mask ventilation pushes submandibular tissue anteriorly. However, such movement is dramatically restricted with the C-E technique, as the counter-action of the operator's fingers pushes the submandibular tissues posteriorly. Essentially, it is the operator who makes the mask ventilation difficult with the C-E technique, rather the subject's innate anatomy. Another piece of supporting evidence is found in the high efficiency of continuous positive airway pressure (CPAP) devices used to treat patients with obstructive sleep apnoea (OSA). 21 In patients with OSA who use either a nasal mask or a full face mask to apply CPAP, 22 positive pressure keeps the upper airway patent. However, effective mask ventilation often proves difficult to achieve when these OSA patients are under anaesthesia. 23 24 One of the major differences in applying the mask is the lack of compression on submandibular tissue when straps are used for CPAP treatment of patients with OSA, compared with the C-E technique, where substantial external compression of pharyngeal tissues occurs. In this study, we did not attempt to illustrate how the V-E technique is more effective than the C-E technique. Rather, we focused on whether the effectiveness of mask ventilation obtained with these two techniques is different. Given that the study was randomized and crossed over (each patient acting as their own comparator), the greater VTe obtained with the V-E technique is not likely to result from an increase in respiratory compliance, nor to be related to the higher PIP with V-E than that with the C-E technique. In fact, the PIP with C-E was slightly (1.4%) but statistically higher than with the V-E technique. Therefore, we believe that improvement in mask ventilation with the V-E technique occurs as a reduction in airway obstruction.
We intended to determine whether these two mask ventilation techniques are rescue methods for each other. In other words, when one technique fails, can the other rescue? We were unable to ventilate effectively 20 of the 40 subjects (50%) who began with the C-E technique. However, all 20 subjects who failed ventilation with the C-E technique were rescued effectively with the V-E technique. In contrast, all 41 subjects whose ventilation began with the V-E technique were effectively ventilated. Therefore, we did not have the opportunity to determine whether failed V-E mask ventilation could be rescued with the C-E technique. Sixteen of the 41 subjects (39%) were unable to be ventilated during subsequent ventilation with the C-E technique in Group B. These results indicate that subjects who are effectively ventilated with the V-E technique are not necessarily ventilated effectively with the C-E technique. All subjects who failed mask ventilation with the C-E technique were ventilated effectively with the V-E technique. Therefore, we believe that the C-E technique should not be attempted and the V-E technique should be the primary technique unless the V-E technique is not obtainable.
We believe this is the first demonstration of the superiority of the modified V-E technique in a well-controlled environment, with a randomized and crossover design. Although the study was in operating room settings, with unconsciousness induced by sedation, we believe that the superiority of the V-E technique to the C-E technique is likely to exist in comatose victims in emergency room settings or during field resuscitation. As there is a great deal of similarity in the mechanism of upper airway obstruction between comatose victims and anaesthetized individuals, the response to treatment, in this instance mask ventilation, should be similar. Of course, further study is needed to validate the observation in other populations.
There are several limitations to this study. First, we did not use an oral airway or a nasal airway during this study. It remains to be determined whether using an oral or a nasal airway would alter our findings. However, even without an oral or a nasal airway, the modified V-E technique produces effective mask ventilation [95% confidence interval (CI) for VTe 671-772 ml] with possible small ventilation failure rate (95% CI 0-5%), even the true observed failure rate was zero. Therefore, it is unlikely that insertion of an oral or a nasal airway would produce a higher efficiency of the C-E technique compared with modified V-E technique without insertion of an oral or a nasal airway.
Second, this study was conducted only on anaesthetized subjects. The mechanism of airway obstruction in anaesthetized subjects is similar, but may not be identical, to that of comatose subjects. Whether the superiority of the modified V-E technique to the C-E technique observed in anaesthetized subjects is reproducible in comatose individuals remains to be determined.
Third, we conducted this study on obese subjects only. Given that obesity is a well-known contributing factor to difficult mask ventilation, 21 24 the superiority of the V-E technique to the C-E technique might be overestimated compared with results obtained in a study of a less obese population. In addition, the mechanism of difficult mask ventilation may be different in the obese compared with the non-obese. Nevertheless, it seems unlikely that the V-E technique is inferior to the C-E technique in those who are difficult to ventilate with a mask or even in those who are not difficult to ventilate with a mask. In short, the modified V-E technique is likely to be at least equal to, if not better than, the C-E technique in other populations. Fourth, the modified V-E technique is not commonly used, and it seems to need more effort for the provider to apply the mask correctly than C-E technique. The learning curve of this technique remains to be determined.
Finally, the study was not blinded. The operators were aware of the purpose of the study. However, we chose pressure-mode ventilation, and the ventilation settings were constant during mask ventilation with each technique. In addition, tidal volume was automatically recorded, and the ventilator parameters were videotaped and analysed. It is unlikely that the difference between tidal volumes obtained with the two techniques was attributable to effects of the experimental procedure. Rather, it is more likely that the difference between tidal volumes obtained with the two techniques was the result of a primary difference in airway patency attributable to the modified V-E technique itself. We observed that there was statistically a difference in PIP between the two techniques. The PIP during ventilation with the C-E technique was modestly higher, by 1.5%, than that with the V-E technique (20.9 vs 20.6 cm H 2 O). Although the PIP during mask ventilation with the C-E technique was higher than that with the V-E technique, the VTe obtained with the C-E technique was smaller than that obtained with the V-E technique. It is unlikely that the smaller VTe with the C-E technique was attributable to the operators' attempts to create intentionally inadequate mask seals and subsequent mask leaks. Rather, it is likely to be the result of a greater degree of airway obstruction during mask ventilation with the C-E technique than with the V-E technique.
In summary, the modified V-E technique for mask ventilation is more effective than the C-E technique. Given that twohanded mask ventilation is the last option as a rescue measure if the return of spontaneous breathing and tracheal intubation are impossible, the modified V-E, not the C-E, technique should be attempted first. This finding potentially applies to other rescue situations.
